The hyf locus (hyfABCDEFGHIJ-hyfR-focB) of Escherichia coli encodes a putative 10-subunit hydrogenase complex (hydrogenase-4 [Hyf]); a potential 54 -dependent transcriptional activator, HyfR (related to FhlA); and a putative formate transporter, FocB (related to FocA). In order to gain insight into the physiological role of the Hyf system, we investigated hyf expression by using a hyfA-lacZ transcriptional fusion. This work revealed that hyf is induced under fermentative conditions by formate at a low pH and in an FhlA-dependent fashion. Expression was 54 dependent and was inhibited by HycA, the negative transcriptional regulator of the formate regulon. Thus, hyf expression resembles that of the hyc operon. Primer extension analysis identified a transcriptional start site 30 bp upstream of the hyfA structural gene, with appropriately located ؊24 and ؊12 boxes indicative of a 54 -dependent promoter. No reverse transcriptase PCR product could be detected for hyfJ-hyfR, suggesting that hyfR-focB may be independently transcribed from the rest of the hyf operon. Expression of hyf was strongly induced (ϳ1,000-fold) in the presence of a multicopy plasmid expressing hyfR from a heterologous promoter. This induction was dependent on low pH, anaerobiosis, and postexponential growth and was weakly enhanced by formate. The hyfR-expressing plasmid increased fdhF-lacZ transcription just twofold but did not influence the expression of hycB-lacZ. Interestingly, inactivation of the chromosomal hyfR gene had no effect on hyfA-lacZ expression. Purified HyfR was found to specifically interact with the hyf promoter/operator region. Inactivation of the hyf operon had no discernible effect on growth under the range of conditions tested. No Hyf-derived hydrogenase or formate dehydrogenase activity could be detected, and no Ni-containing protein corresponding to HyfG was observed.
Escherichia coli is capable of three alternative modes of energy generation: aerobic respiration, anaerobic respiration and fermentation. In the absence of the appropriate electron acceptors (O 2 , NO 3 Ϫ , NO 2 Ϫ , sulfur or nitrogen oxides, or fumarate), E. coli resorts to mixed-acid fermentation, yielding a maximum of just 3 mol of ATP per mol of glucose consumed (12) . During fermentative growth, glycolytic carbon sources are converted to pyruvate that is in turn converted to acetyl coenzyme A and formate by pyruvate formatelyase (22) The formate produced may then be either excreted or further metabolized to H 2 and CO 2 by a membrane-associated, nonenergy-conserving formate hydrogenlyase (Fhl-1) system consisting of formate dehydrogenase H (Fdh-H) and the hydrogenase-3 complex (Hyc) (12, 17, 37) .
The genes required for the synthesis of Fhl-1 form the formate regulon, which includes three transcriptional units, namely, the hyc and hyp-fhlA operons and the fdhF gene (13, 26, 28, 37, 49) . The hyc operon (hycABCDEFGHI) encodes the Hyc complex of Fhl-1 (encoded by hycBCDEFGH), as well as a negative-transcriptional regulator (HycA) of the formate regulon and a protease (HycI) required for the maturation of the large subunit of hydrogenase-3 (HycE) (13, 32, 36) . The remaining component of Fhl-1 is Fdh-H, encoded by fdhF (28) . The hyp (hydrogenase pleiotropic) operon (hypABCDE-fhlA) is located immediately upstream of, and is divergently transcribed from, the hyc operon. The products of the hyp genes are involved in hydrogenase maturation (26, 41) .
Optimal expression of the formate regulon requires anaerobiosis, the absence of nitrate (or other compounds which may act as electron acceptors for the respiratory oxidation of formate), the presence of formate, and an acidic pH (10, 29, 30, 40, 51) . These environmental factors exert their effects at the transcriptional level, and it would appear that pH, anaerobiosis, and respiratory acceptors operate indirectly through their effects on intracellular formate levels (10, 25, 26, 33, 40, 41) . Thus, formate is the primary environmental signal that mediates induction of the formate regulon. FhlA (encoded by fhlA) is the formate-sensing transcriptional activator that directly controls the formate regulon (27, 41) . FhlA binds to an upstream activating sequence located about 100 bp upstream of cognate transcriptional start sites and, in the presence of formate, activates transcription from the 54 -dependent promoters (8, 9, 11, 23, 24, 25, 41, 42) . HycA negatively regulates transcription of the formate regulon (36) . It is not known whether HycA acts by directly interacting with FhlA or by preventing FhlA binding to upstream activating sequence re-gions (36) . FhlA also appears to sense molybdate, and it seems that full induction of the formate regulon requires adequate levels of this element (an essential component of the active site of the Fdh-H component of Fhl-1) (43, 44) .
Sequence analysis of the 55.8Ј to 56.0Ј region of the E. coli genome has revealed a 12-gene locus, designated the hyf operon (hyfABCDEFGHI-hyfR-focB) (1) . Seven genes of the hyf operon (hyfABCGHIJ) encode homologues of the seven Hyc subunits. In addition, the hyf operon contains three genes (hyfD, hyfE, and hyfF) apparently specifying intergral membrane subunits that have no direct counterparts in the Hyc complex. Two of these three subunits are related to subunits of the proton-translocating NADH:quinone oxidoreductases (complex I). It is proposed that the hyf operon encodes a novel hydrogenase complex (hydrogenase-4 [Hyf] ) which, together with Fdh-H, forms a second formate hydrogenlyase pathway (Fhl-2) in E. coli that, unlike the Fhl-1 system, is an energy-conserving, proton-translocating system (1). The hyfR gene encodes an FhlA homologue that is a potential formatesensing, 54 -dependent transcriptional activator, and focB encodes a putative formate transporter homologous with FocA (1) . A potential 54 -dependent promoter is located upstream of the hyf operon and approximately 110 bp downstream of a putative FhlA (and/or HyfR)-binding site (1) .
This paper describes the use of a hyfA-lacZ transcriptional fusion to study hyf expression under a range of growth conditions and in different mutant backgrounds. The hyf operon was found to resemble the hyc operon in being induced anaerobically by formate at a low pH in an FhlA-and 54 -dependent manner. Overproduction of HyfR elicited a massive induction of the hyf operon under fermentative conditions at low pH, and this effect was 54 dependent. HyfR overproduction had no effect on hyc expression. However, the coeffector(s) used by HyfR has yet to be identified. No mutant phenotype could be assigned to the hyf lesion, no hyf operon-encoded proteins could be detected, and no Hyf-dependent H 2 evolution or formate dehydrogenase activity was observed, so the physiological role of the Hyf system remains uncertain.
MATERIALS AND METHODS
Media, growth conditions, and strains. The strains of E. coli used in this study are listed in Table 1 . The growth media are specified herein or in the appropriate figure legends. Cultures were grown at 37°C anaerobically in stationary Bijoux bottles unless stated otherwise. Standard genetic procedures were performed as described by Sambrook et al. (34) .
Controlled-batch and continuous-culture growths were performed in an LH Series Fermentor (500 series) containing 690 to 900 ml of standard minimal medium, which consisted of 20 mM glucose and 0.2% Vishniac's trace elements [0.2% (NH 4 ) 2 SO 4 , 0.1% K 2 HPO 4 , 0.1% NaH 2 PO 4 , 0.02% MgSO 4 ⅐ 7H 2 O, 5 M nickel chloride, 1.6 M ferric citrate, 1 M sodium molybdate, 1 M sodium selenite] (50), with pH controlled at 6.5 or 7.5 with 2 M KOH. The hyfA-lacZ fusion of strain DS5 was well expressed under anaerobic conditions in the medium described above. Glucose and fermentation products (ethanol, formate, acetate, succinate, and lactate) were measured as previously described (6, 7, 38) or by high-pressure liquid chromatography with a Shodex Ionopak KC-811 column and 0.1% orthophosphoric acid as the liquid phase.
To investigate the effects of the hyfR, fhlA, hycB-hycH, and ntrA ( 54 ) mutations on expression of the hyf operon, the ⌬hyfR::spc (construction described below), fhlA:: placMu53 kan, ⌬hycB-hycH::cat, and ⌬(ntrD208::Tn10) mutations of strains JRG3618, SV83, HDJ123, and BN450, respectively, were transferred by P1-mediated transduction to the corresponding lacZ fusion strain DS5, creating strains DS6, DS7, DS8, DS10, and DS11, respectively (Table 1) . Strain DS9 was created by transducing the hyfA-lacZ fusion from DS5 to HD701. The entire hyf operon was cloned by coligating the 10.5-kb Eco147I-XmaIII (hyfAhyfIЈ) fragment of pLC25-14 with the 3.9-kb XmaIII-EcoRI (ЈhyfI-focB) fragment of pGS944 into the SmaI and EcoRI sites of pSU18, producing pGS1020, containing a ϳ15-kb EcoR1471-EcoRI (hyfA-hyfR-focB) insert.
Inactivation of the hyf operon. Three hyf mutants containing chromosomal ⌬hyfA-hyfB::spc, ⌬hyfR::spc, or ⌬hyfB-R::spc mutations were generated. For the ⌬hyfA-hyfB::spc mutation, the 3.5-kb NruI (ЈdapA-hyfBЈ) fragment of pLC25-14 was cloned into the SmaI site of pSU18-⌬H (a derivative of pSU18 carrying a HindIII deletion generated by HindIII digestion, followed by end filling and religation), creating pPG11. This plasmid was digested with HindIII to eliminate the 0.4-kb hyfAЈ-hyfBЈ fragment, which was replaced with a 2-kb HindIII fragment containing the Sp r cassette of pUX-⍀ (Table 1) , producing pPG12. The 3.2-kb EcoRI-HindIII hyfAЈ-spc-ЈhyfBЈ-containing fragment of pPG12 was isolated, treated with Klenow fragment to end fill the 5Ј overhangs, and then cloned into the HincII site of pMAK705 to generate pGS1037 (Table 1) .
The ⌬hyfR::spc mutation was created by replacing the 1.58-kb MunI fragment of the hyfR gene of pGS944 with a 2-kb HindIII fragment containing the Sp r cassette from pUX-⍀ to produce pPG13 ( Table 1 ). The 4.3-kb SalI-EcoRI fragment (ЈhyfI-hyfRЈ-spc-ЈhyfR-focB) of pPG13 was isolated, end filled, and cloned into the HincII site of pMAK705 to generate pGS1038. Production of the ⌬hyfB-hyfR::spc mutation involved replacing the 10.7-kb ЈhyfB-hyfRЈ DraII fragment of pGS1020 with a 2-kb end-filled EcoRI Sp r fragment from pUX-⍀ to yield pPG14 (Table 1 ). The 4.5-kb HindIII-EcoRI hyfABЈ-spc-ЈhyfR-focB fragment of pPG14 was isolated, end filled, and cloned into the HincII site of pMAK705 to create pGS1039. Plasmids pGS1037, pGS1038, and pGS1039 were then used to replace the wild-type hyf operon of MC4100 with the mutant versions, as described by Hamilton et al. (20) , producing mutants JRG3615, JRG3618, and JRG3621, respectively (Table 1) , which were confirmed by PCR amplification and Southern blotting (data not shown).
Construction of hyfA-, focB-, and hyfR-lacZ transcriptional fusions. Two hyfAlacZ transcriptional fusions were created. One was made by cloning the Klenow end-filled 0.987-kb EcoRV-HindIII fragment of pGS213 (containing the bcphyfA intergenic region and part of the hyfA-coding region) into the SmaI site of pRS415 (45) to generate pGS1102. The other was produced by cloning the Klenow end-filled 1.29-kb EcoRV-BamHI fragment of pGS213 (containing the bcp-hyfA intergenic region and the hyfA-coding region) into the SmaI site of pRS415 to generate plasmid pGS1103. The hyfR-lacZ fusion was made by cloning the 609-bp SmaI-NruI, ЈhyfJ-hyfRЈ-containing fragment of pGS944 into the SmaI site of pRS415, generating pGS1131. The focB-lacZ fusion was produced by cloning the 1.2-kb EcoRV-PvuII ЈhyfR-focBЈ fragment of pGS944 into the SmaI site of pRS415 to generate pGS1132. Fusions were transferred to RZ5 by in vivo recombination in corresponding MC4100 transformants, as described by Simons et al. (45) . The resulting lacZ fusion phage was established as a singlecopy prophage in MC4100 (⌬lac) as previously described (45) .
Reverse transcriptase (RT)-mediated primer extension analysis and Northern blotting. Total RNA was isolated from MC4100 (pGS1020) grown under anaerobic conditions in L broth plus 50 mM formate by using the RNeasy kit (Qiagen). The transcriptional start site of the hyfA gene was determined by primer extension (18) with a primer designed to anneal to the hyfA region of the hyf transcript, hyfA-hyfF (ACAGGTATTACATCCTGTACACCACAGTGG). Primer extension experiments were also performed with the following primers, designed to anneal to the proximal regions of the hyfR and focB genes: hyfR-1, GGCAAA CATCGCCTCG TCTGACATAGCCAT; hyfR-2, TACCGCTTCAATTGTTA TTCCTTGTGTCGG; focB-1, CGCTTCATCCCTAATCGCGTCGCTGCGC CA; and focB-2, TTCTGGCGCTCAACTGCAAGTCGAAAGAAA. The sequencing ladders were produced by using the T7 Sequenase DNA-sequencing kit (Amersham) together with alkaline-denatured pGS213 as template and the primers described above. Northern blotting was performed as previously described (18) using RNA purified from MC4100 and HD700 (hyc mutant), with or without pGS1020, grown under anaerobic conditions in L broth in the presence of 0.4% glucose and 50 mM formate. The hybridization probes employed were the 10.7-kb DraII fragment of pGS1020 (encompassing the hyfB-hyfR region), the 473-bp HindIII-EcoRV fragment of pGS1018 (containing a fragment of hyfR), and the 469-bp NsiI fragment of pGS944 (containing a fragment of focB).
One-step RT-PCR was used to amplify fragments at the beginning and end of the putative hyf operon according to the manufacturer's (GibcoBRL) instructions. Total RNA was isolated from MC4100, grown as described above, and treated with RNase-free RQ1 DNase (Promega) prior to RT-PCR. Primers (not shown; see Fig. 1 (Table 1) . For the malE-hyfR construct, the proximal 500-bp region of the hyfR-coding region was PCR amplified with the primers hyfR500-F (ATGGCTATGTCAGACGAGG CGATGTTT) and hyfR500-R (ACGAGCGACGTCAGCGATCAGATCGTC) (the AatII site is in boldface, and the hyfR-start codon is italicized). The 0.5-kb PCR product was digested with AatII and coligated with the 1.5-kb AatII-HindIII ЈhyfR fragment of pGS1018 between the SmaI and HindIII sites of pMal-c2 to give pPG10. Transformants of DH5␣, carrying the malE-hyf fusion plasmids, were propagated in L broth plus 100 g of Ap/ml and induced with 0.3 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) upon reaching an optical density at 650 nm of 0.5. Growth was continued for a further 3 h, allowing the fusions to reach ϳ20% of total protein before the cells were harvested and then lysed, typically in 1.5 vol of column buffer (20 mM HEPES [pH 7.4], 200 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 1 mM benzamidine) by using a French pressure cell (20,000 lb/in 2 ). The soluble supernatants were harvested after centrifugation at ϳ20,000 ϫ g for 30 min at 4°C, and the MalE-Hyf hybrid proteins were purified by using a 50-ml amylose resin (New England Biolabs) column according to the manufacturer's instructions. The MalE-Hyf proteins were cleaved with factor Xa (note that the MalE-HyfH fusion protein could not be cleaved with factor Xa). Because the free HyfG, HyfI, and HyfR polypeptides were only weakly soluble, they were purified to homogeneity by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) followed by electroelution. The HyfG, HyfI, and HyfR polypeptides and the MalE-HyfH fusion were used to raise antibodies in rabbits. Immunoassay experiments with the resulting antisera gave strong immunostaining responses to the corresponding antigen at high antiserum dilutions (up to 40,000-fold), indicating that the antisera are of a high titer.
HyfH was also overproduced to ϳ20% of total cell protein as a His 6 -tag fusion by using BL21/DE3(pPG6). The plasmid pPG6 was made as follows. A 0.54-kb fragment was PCR amplified as described above using pGS944 as template and the primers HyfH-His-f (GGGAATTCATATGCTGAAGTTACTGAAA) and HyfH-His-r (GGCTCGAGTAGCTGCTCCTTAGCC) (NdeI site is in boldface, start codon is italicized, and XhoI site is in boldface). The NdeI-and XhoIdigested PCR product was cloned into the corresponding sites of pET21a. Overproduced HyfH-His 6 was completely insoluble and was purified by SDS-PAGE and electroelution.
SDS-PAGE and Western blotting were performed as previously described (19) .
Placing hyfR under control of the lac promoter (P lac ). The proximal segment of the hyfR-coding region was PCR amplified from pGS944 with Pfu DNA polymerase and the primers hyfR1-F (CCGAATTCATATGGCTATGTCAG ACGAGGCG) and hyfR1-R (CCGGATCCGATGATGATCGCGATCTTTC) (EcoRI, BamHI, and NruI sites are in boldface; NdeI site is in italics; and start codon is underscored), which were designed to introduce an NdeI site at the initiation codon and to introduce flanking EcoRI and NsiI restriction sites for cloning purposes. The 470-bp EcoRI-and NsiI-digested PCR product was cloned into the EcoRI and PstI sites of pUC118 to generate pGS1017. Then the 1,580-bp NruI-NsiI distal segment of the hyfR-coding region of pGS944 was cloned together with the 470-bp NruI-PstI fragment of pGS1107 between the NruI and PstI sites of pGS1017, creating pGS1018, containing the complete hyfR-coding region with an NdeI site at the initiation codon. The 2.03-kb hyfR-containing NdeIHindIII fragment of pGS1018 was cloned into the corresponding sites of pET21a to give pGS1019. Finally, the ϳ2-kb XbaI-HindIII fragment of pGS1019 (containing the hyfR gene with a ribosome-binding site from pET21a located just upstream of the initiation codon) was cloned between the XbaI and HindIII sites of pSU18 to give pGS1087 in which the hyfR gene is appropriately located downstream of the lac promoter (P lac ) enabling P lac -dependent expression of hyfR.
Gel retardation. A 250-bp bcp-hyfA intergenic region was PCR amplified with primers hyfRB1-F and hyfRB1-R (CCGAATTCCTGGCTGAAAGAACACGC and CCGAATTCCACCACAAAGCGGTTCAT, respectively [EcoRI sites are in boldface]) with Pfu DNA polymerase and pGS1020 as template. The purified fragment was digested with EcoRI, labeled with [ 32 P]dATP by using the Klenow fragment, and separated from unincorporated nucleotides by using a Pharmacia nick spin column. The labeled PCR product (ϳ1 ng) was added to a binding mixture consisting of 18% glycerol, 0.1% Triton X-100, 10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 5 mM dithiothreitol, 1 g of poly(dI-dC) DNA, and up to 40 g of protein (MBP-HyfR or, as a control, MBP-HyfI) in a total volume of 40 l and incubated for 40 min at 37°C. Gel retardation was performed in gels (preelectrophoresed for 1 h) containing 6% polyacrylamide, 1% Triton X-100, and 1ϫ TBE (95 mM Tris-borate, 2 mM EDTA, pH 8) by using a Mini Protean system (Bio-Rad) at a constant 100 V for 1.5 h, followed by autoradiography.
Hydrogen evolution and enzyme assays. Hydrogen evolution activity was assayed as described by Ballantine and Boxer (4). Levels of hydrogenase activity obtained for MC4100 (1.75 mol of benzylviologen min Ϫ1 mg of protein Ϫ1 ) were similar to those previously reported (4.19 mol of benzylviologen min Ϫ1 mg of protein Ϫ1 [36] ), although we note that the levels of hydrogenase activity reported vary considerably (37, 38, 46) . Formate dehydrogenase H (Fdh-H) activity was measured in toluene-treated cells by monitoring formate-dependent benzylviologen reduction at 600 nm (2, 4). ␤-Galactosidase measurements were made as described previously (14), with all values derived from at least two samples, each assayed in duplicate.
63 Ni labeling. 63 Ni labeling experiments were performed with strains grown anaerobically to stationary phase in TYEP medium (pH 6.6) (5a) containing 0.4% glucose, 50 mM sodium formate, and 5 M 63 Ni ( 63 NiCl 2 , 5 Ci ml Ϫ1 ). Cells were harvested at 3,200 ϫ g for 5 min, washed in saline, resuspended in Tris buffer (20 mM Tricine, 5% sucrose, pH 8), and then incubated with 10 mM EDTA (pH 8) at room temperature for 5 min. Cells were then incubated with lysozyme (1 mg ml Ϫ1 ) for 10 min at room temperature and vortexed briefly. The spheroplasts thus generated were harvested (3,000 ϫ g, 30 s, room temperature) and lysed by resuspension in 300 l of TrM (20 mM Tricine, 0.5% MgSO 4 ⅐ 7H 2 O, pH 7.5) with vortexing for 10 min. Triton X-100 (33 l, 1%) and glycine (30 l, 50%) were added, and the nucleic acids were removed by the addition of 30 l of 10% streptomycin sulfate, inoculation on ice for 30 min, and centrifugation (12,000 ϫ g, 5 min, room temperature). The supernatants were electrophoresed in 5% native polyacrylamide gels containing 0.1% Triton X-100. Electrophoresed gels were dried under a vacuum at 70°C and then autoradiographed with BioMax MS film and a BioMax intensifying screen (Kodak) for 2 weeks at Ϫ70°C.
RESULTS
Transcriptional organization and expression of the hyf operon. The first 10 genes (hyfA-hyfJ) of the hyfABCDEFGHIJhyfR-focB operon are organized in a manner suggesting that adjacent genes are translationally coupled (1). However, the hyfR and focB genes are preceded by 29 and 20 bp of noncoding DNA, respectively, indicating that they are not subject to translational coupling and may be independently transcribed. Thus, in order to study hyf operon expression and to investigate the transcriptional organization of the operon, four lacZ transcriptional fusions were generated: two hyfA-lacZ fusions (pGS1102 and pGS1103), a hyfR-lacZ fusion (pGS1131), and a focB-lacZ fusion (pGS1132) (Fig. 1 and Table 1 ). Preliminary experiments with transformants of the wild-type (MC4100) containing the multicopy hyfA-, hyfR-, and focB-lacZ fusion plasmids showed that only the hyfA-lacZ fusions were active (in L broth containing 0.4% glucose under anaerobic and aerobic conditions), indicating that the hyfR and focB genes do not possess independent promoters and are thus likely to be transcribed as part of the hyf operon (data not shown). The two hyfA-lacZ fusions displayed very similar activities, and for this reason, only one (pGS1102) was used in subsequent work. Such studies were facilitated by transferring the hyfA-lacZ fusion of pGS1102 to the chromosome of MC4100 (see Materials and Methods and Table 1 and was not significantly affected by formate ( Fig. 2A) . However, under anaerobic-fermentative conditions, expression was measurable at all stages of growth but was ϳ4-fold greater in stationary phase than in the logarithmic phase (Fig. 2B ). Anaerobic-fermentative expression was induced ϳ3-fold by the presence of formate, with expression remaining growth phase dependent. Expression under anaerobic-respiratory conditions with nitrate or trimethylamine-N-oxide (TMAO) was slightly lower (by 1.5-to 2-fold) than that under fermentation conditions ( Fig. 2B and C) , and formate again failed to affect hyf expression. However, when fumarate was employed as the anaerobic terminal-electron acceptor, expression was induced up to ϳ6-fold by formate (Fig. 2D) . Thus, hyf expression is induced by formate in the absence of the respiratory-electron acceptors O 2 , NO 3 Ϫ , and TMAO. The failure of fumarate to inhibit the formate-dependent induction of hyf expression is probably related to its relatively low redox potential (E 0 Ј ϭ 0.03 V cf. 0.82, 0.42, and 0.13 V for O 2 , NO 3 Ϫ , and TMAO, respectively). It is probable that the lack of formate induction in the presence of O 2 , NO 3 Ϫ , and TMAO arises from efficient formate consumption by the respiration-linked formate dehydrogenases (formate dehydrogenases N and O), resulting in relatively low levels of intracellular formate. Alternatively, it is possible that that formate-dependent induction of hyf expression is stimulated by low redox potentials.
Induction of anaerobic hyf transcription by formate is pH dependent. To determine whether the formate-dependent induction of hyf expression is influenced by pH, expression was measured under fermentative growth conditions in media buffered at high, neutral, and low pHs (Fig. 3) . Expression of hyfA-lacZ was ϳ6-fold higher in medium buffered initially to pH 6.1 rather than that at pH 7.0 or 7.8, indicating that hyf is induced by low external pH. The addition of 50 mM sodium formate increased expression two-to threefold further in medium buffered to pH 6.1 or 7.0 but had no effect on expression at pH 7.8 ( Fig. 3) . Thus, the expression of hyf is clearly related to both the external pH and the presence of formate (Fig. 3) . In the absence of added formate, hyf induction requires an external pH below ϳ6.0, but in the presence of added formate, induction occurs at a higher external pH (below ϳ6.5). These results indicate that the hyf operon is induced by formate at a low external pH (pH 6.5), a pattern of transcriptional regulation that closely resembles that of the hyc operon (33, 48) . FhlA and 54 mediate the formate-dependent induction of hyf transcription. The 54 -dependent transcriptional activator, FhlA, induces expression of the genes of the formate regulon in response to elevated intracellular formate levels (27, 41) . In order to test whether the hyf operon is also a member of the FhlA/formate regulon, an fhlA-null mutation (fhlA::placMu53 kan) was introduced into the hyfA-lacZ reporter strain (DS5) to create DS7 (fhlA::placMu53 kan hyfA-lacZ), which was used to investigate the FhlA-dependent formate induction of hyf expression (Fig. 4) . No induction of hyf expression by formate was observed in the fhlA mutant (Fig. 4) , but expression was enhanced fivefold by a multicopy fhlA plasmid (pSH9) in both the fhlA mutant (DS7) and wild-type (DS5) backgrounds (Fig.  4) . Taken together, these results imply that FhlA mediates the formate-dependent induction of hyf-operon transcription and suggest that the expression of hyf is limited by the cellular levels of FhlA.
The possible involvement of 54 in hyf transcription was tested by introducing an ntrA ( 54 ) mutation into the hyfA-lacZ reporter strain. This abolished the induction of hyf expression by formate, providing further support for the 54 dependence of hyf operon transcription (Fig. 4) .
It was considered possible that the effects of the fhlA and ntrA mutations on hyf operon expression could be an indirect consequence of weak hyc expression (which is also 54 and FhlA dependent), resulting in low levels of Fhl-1 and a subsequent inability to decompose formate under fermentative conditions. This was investigated by introducing a hycB-hycH deletion into the hyfA-lacZ reporter strain (to create DS10). The hycB-hycH mutation had no significant effect on hyf expression, ϩϩ , DS7(pSH9); hyfA-lacZ ntrA, DS11; hyfA-lacZ hycB-hycH, DS10; and hyfA-lacZ hycA, DS9. Some activity detected in strain DS7 was contributed by the fhlA-lacZ fusion generated by the integration of placMu into the fhlA gene in order to create the fhlA mutation. The ␤-galactosidase activity produced by the fhlA-lacZ fusion was determined by analysis of the strain DS8 (MC4100, fhlA::placMu53 kan). This activity was then subtracted from that measured in DS7, giving the ␤-galactosidase activity contributed by the hyfA-lacZ fusion (designated ЈhyfA-lacZ fhlAЈ). For growths with DS11, the medium was supplemented with 0.2% glutamine (0.2% glutamine had no effect on hyf-lacZ expression for DS5 [data not shown]). Other details are as described in the legend to Fig. 3 .
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confirming that the positive effects of FhlA on hyf expression were not caused by metabolic changes arising from lack of expression of the hyc operon (Fig. 4) .
HycA is an antiactivator of formate-dependent hyf transcription. The product of the first gene of the hyc operon, hycA, negatively regulates transcription of the genes in the formate/FhlA regulon (36) . The hyfA-lacZ fusion was introduced into strain HD701 (MC4100, ⌬hycA) to study the effect of the hycA deletion on hyf expression (Fig. 4) . The formatedependent induction of hyfA-lacZ expression was increased three-to fourfold by the hycA mutation (Fig. 4) . These results are consistent with HycA acting as an antiactivator of FhlA and with FhlA in turn acting as a formate-dependent transcriptional activator of the hyf operon.
HyfR regulates hyf expression. To determine whether HyfR, like its homologue, FhlA, regulates transcription of the hyf operon, the effect of hyfR inactivation on hyfA-lacZ expression was studied ( Fig. 5 ; note use of logarithmic scale). Somewhat surprisingly, the hyfR mutation had no effect on hyfA-lacZ expression. However, introducing pGS1087, a multicopy plasmid encoding a P lac -controlled hyfR gene, into the hyfA-lacZ reporter strain (DS5) resulted in a massive induction (Ͼ1,000-fold) of hyf expression (Fig. 5) . This effect was not seen in the ntrA mutant, demonstrating that the HyfR-dependent induction of hyf expression is 54 dependent (Fig. 5) . HyfR-dependent induction was unaffected by the fhlA mutation, indicating that FhlA does not participate in the transcriptional activation of hyf by HyfR. The induction was highly growth phase dependent, with expression being ϳ1,000-fold higher in the postexponential and stationary phases than in the exponential phase (data not shown). The HyfR-dependent postexponential-phase induction of hyf was accompanied by a drop in the pH of the medium below ϳ6.0 (data not shown), which indicates that HyfR-mediated transcriptional activation requires a low external pH. In support of this suggestion, HyfR induction of hyf was reduced by about 20-fold when the pH of the growth medium was maintained above pH 7.0 (Fig. 5) . Additionally, induction of hyf by HyfR was slightly (ϳ2-fold) enhanced by formate (Fig. 5 ) and was extremely weak under aerobic conditions (Fig. 5) . These results indicate that transcriptional activation by HyfR is strongly inhibited by oxygen, strongly enhanced by low pH, and weakly stimulated by formate.
Provision of the entire hyf operon in multicopy by transformation with the plasmid pGS1020 had no significant effect on hyfA-lacZ expression levels under fermentative conditions in the presence of 50 mM formate (data not shown), suggesting that hyfR expression from the hyf operon is too weak to produce levels of HyfR sufficient to induce the hyfA-lacZ fusion, at least under the growth conditions employed here.
Effect of HyfR on fdhF-lacZ and hycB-lacZ gene expression. The above data show that both FhlA and HyfR act as transcriptional activators for the hyf operon. The other major targets for activation by FhlA are the hyc operon and the fdhF gene. To study whether these genes are also HyfR dependent, the effects of the multicopy hyfR plasmid (pGS1020) and the corresponding vector (pSU18) on the activity of the fdhF-lacZ and hycB-lacZ transcriptional fusions were compared. The hyfR plasmid enhanced fdhF-lacZ expression just ϳ2-fold during anaerobic growth in TYEP medium containing 0.4% glucose (data not shown). It is unclear whether this relatively weak HyfR-dependent induction of fdhF expression is physiologically significant, although it is consistent with the suggestion that FdhH (encoded by fdhF) and the Hyf complex form a second Fhl system in E. coli (1) . No significant HyfR effect was observed for hycB-lacZ expression, indicating that the hyc operon is not subject to transcriptional regulation by HyfR and that, despite the close similarities of the DNA-binding regions of the two proteins (1), the DNA-binding specificity of HyfR is distinct from that of FhlA.
The hyf transcriptional start site is associated with a 54 -dependent promoter. The transcriptional start site of the hyfA gene was identified by RT-mediated primer extension using a primer designed to anneal 24 bp downstream from the predicted transcriptional start site of hyfA (see Materials and Methods) together with RNA isolated from MC4100 (pGS1020) grown under anaerobic conditions in L broth plus 50 mM formate. One major cDNA product was observed corresponding to a single transcriptional start site (coordinate A-1226 [1] ). This site is 30 bp upstream of the hyfA start codon ϩϩ , DS8(pGS1087). Note that the pH of cultures dropped from 6.6 to a final pH of ϳ5.7, except for those starting at pH 7.8 (as indicated), which fell to pH 7.0. DS11(pGS1087) was grown in the presence of 0.2% glutamine, which had no significant effect on expression. Other details are as described in the legend to Fig. 3 .
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and ideally positioned 12 bp downstream of a previously predicted 54 -dependent promoter-binding site (Fig. 6) (1) . No cDNA products were observed when primer extension experiments were performed with primers to the hyfR and focB genes (data not shown), providing further evidence for the absence of hyfR-or focB-specific promoters. No clear hybridization bands corresponding to hyf transcripts were observed in Northern blotting experiments (see Materials and Methods for details), in either the presence or the absence of multicopy hyf (data not shown). This may reflect the low abundance or instability of the hyf message.
To determine whether any of the hyf genes are cotranscribed, RT-PCR was used to amplify various regions at the beginning and the end of the putative hyf operon transcript by using RNA isolated from MC4100 grown as described above. The following RT-PCR products were obtained: hyfA-hyfB, hyfC-hyfD, hyfG-hyfH-hyfI, hyfH-hyfI-hyfJ, hyfR-hyfR, and hyfRfocB (data summarized schematically in Fig. 1 ). However, despite several attempts (and positive results with chromosomal DNA), it was not possible to obtain a hyfJ-hyfR RT-PCR product, suggesting that the hyfR-focB genes are not part of the hyf operon and are transcribed independently. This finding somewhat contradicts the lack of hyfR-lacZ activity and the failure to detect a hyfR RT primer extension product. These discrepancies may be a consequence of the location of the putative hyfR promoter some distance upstream of the hyfR structural gene.
Interaction of HyfR with the hyfA upstream region. Gel retardation experiments were performed to determine whether HyfR specifically interacts with the hyfA promoter (P hyfA ) region. A 250-bp fragment containing the bcp-hyfA intergenic region was PCR amplified, radiolabeled, and incubated with factor Xa-treated MalE-HyfR. In the presence of HyfR, a relatively minor band of very low mobility was observed (Fig.  7) . The intensity of the retarded band was directly related to the amount of the MalE-HyfR mixture included in the reaction and was not observed when MalE-HyfR was replaced by MalEHyfI (Fig. 7) , suggesting that retardation depends on the presence of HyfR. The retarded band is presumed to correspond to a HyfR-P hyfA complex that is unable to penetrate the acrylamide gel upon electrophoresis due to the poor solubility and/ or large size of HyfR. The HyfR-P hyfA retardation band was much reduced in the presence of the excess unlabeled-hyfA fragment but was unaffected by the presence of excess unlabeled-pUC118 DNA (Fig. 7) . This indicates that the interaction of HyfR with the P hyfA fragment is nucleotide sequence specific.
Lack of immunological and biochemical evidence for hyf expression. In an attempt to detect the expression of hyfencoded proteins, Western blots containing whole-cell extracts from various E. coli strains (wild-type and mutant strains carrying deletions in the hyc and hyf operons) grown fermentatively in rich medium in the presence of formate and glucose were immunostained with antisera specific for the large and small subunits of hydrogenase-4 (HyfG and HyfI, respectively), the TYKY homologue (HyfH), or the proposed hyf regulator (HyfR). No immunoreactive bands attributable to the relevant Hyf polypeptides were detected, even when the transcriptional FIG. 6 . Identification of the hyf transcriptional start site by RTmediated primer extension. RNA was isolated from MC4100 (pGS1020) grown anaerobically in L broth containing 0.4% glucose and 50 mM formate. Lanes 1 and 2 indicate the primer extension product with primer hyfA-hyfF. The sequencing ladder (lanes A, C, G, and T) was generated by using primer hyfA-hyfF and pGS213 as template. The corresponding complementary sequence (with the deduced ϩ1, Ϫ12, and Ϫ24 sites underscored with residues matching the consensus in bold and large type) and the transcriptional start site (indicated by horizontal arrow) are shown. levels from the hyf operon were increased by using transformants carrying pGS1087 (P lac -hyfR) or pGS1020 (hyfA-hyfJRfocB) (data not shown). The anti-Hyf antisera were of high titer (see Materials and Methods), suggesting that the failure to detect Hyf polypeptides was probably due to their low abundance. This may be related to low rates of translational initiation and/or poor codon usage for the hyf genes (1). Anti-HycE antiserum (a gift from A. Bock) was also employed in Western blot studies of whole-cell extracts of HD700 (⌬hycA-hycH), HD705 (⌬hycE), HD709 (⌬hycI), JRG3934 (⌬hycB-hycH ⌬hyfB-hyfR), and MC4100 (wild type) grown fermentatively in TYEP medium with 0.4% glucose and 30 mM formate (data not shown). Although the processed and unprocessed forms of HycE were detected in the appropriate strains, no band corresponding to HyfG was observed despite the high sequence identity (73%) between HycE and HyfG (1). Whole-cell 63 Ni labeling studies were performed in an attempt to identify an Ni-containing protein corresponding to HyfG. Autoradiographic analysis of native polyacrylamide gels containing 63 Ni-labeled, Triton X-100-solubilized whole-cell extracts of the wild type, various mutants (⌬hycE, ⌬hycI, ⌬hyaB, ⌬hybC, ⌬hyaB ⌬hybC ⌬hycE, ⌬hyaC ⌬hybB ⌬hycB-hycH, ⌬hycE ⌬hyfB-hyfR), and pGS1020 (hyfA-hyfR focB) transformants grown fermentatively with formate failed to reveal any bands likely to correspond to HyfG, although bands corresponding to the large subunits (HyaB, HybC, and HycE) of hydrogenase-1, -2, and -3 were observed with the HyaB band being the predominant species (data not shown).
Bagramyan and coworkers (3, 3a) recently reported on Hyfdependent H 2 production in E. coli grown fermentatively at pH 7.5 with glucose (no formate). This Hyf-dependent activity was reported to be absent in strains grown in medium supplemented with formate or at a low pH. In order to test for the presence of Hyf-dependent H 2 production, the hydrogenase-1, -2, and -3 triple mutant, FTD147 (⌬hyaB ⌬hybC ⌬hycE), carrying chromosomal in-frame deletions in the genes encoding the large subunits of hydrogenase-1, -2, and -3 was employed. H 2 production assays were performed at pH 6.8 and 7.5 with the triple mutant, the wild type (MC4100), and a pGS1087 transformant of FTD147 grown fermentatively in rich broth containing 0.4% glucose and buffered to either pH 6.5 or 7.5 with 0.1 M Tris-phosphate buffer. The H 2 production at an acidic pH was abolished by the deletion of the hyaB, hybC, and hycE genes, and no H 2 production attributable to Hyf was detected at either pH (data not shown). In addition, although the measurement of gas evolution by using inverted Durham tubes (40) showed H 2 production under fermentative conditions for MC4100, no gas was produced by the hycE mutant (HD705) even when transformed with pGS1087 or pGS1020 (data not shown). Finally, no Hyf-dependent formate dehydrogenase activity (formate-dependent benzyl viologen reduction) was discernible for strains (MC4100, JRG3621, and HD705) grown and assayed at pH 6.6 or 7.6, although Hyc-dependent activity was clearly observed at pH 6.6 (data not shown). Thus, the experiments described above failed to detect the presence of any Hyf protein or any Hyf-dependent biochemical activity in MC4100 under conditions of optimal hyf transcription. Moreover, the findings of Bagramyan et al. (3, 3a) concerning Hyf-dependent H 2 production under fermentative conditions at pH 7.5 could not be confirmed.
Growth properties of the hyc and hyf mutants. Anaerobic controlled-batch cultivations of JRG3621 (⌬hyfB-hyfR) and MC4100 under fermentative conditions at pH 6.5 and 7.5 (see Materials and Methods) failed to reveal any differences in growth or in the yield of fermentation products (data not shown). As expected, HD705 (⌬hycE) grown under these conditions produced twice as much formate at pH 6.5 as the hycE ϩ strains. Aerobic and anaerobic glucose-limited chemostat cultivation of JRG3621 (⌬hyfB-hyfR) and MC4100 at pH 6.5 revealed no differences in growth or fermentation product yield attributable to the hyf operon (data not shown). In addition, fermentative batch growths at pH 6.5 or 7.5 failed to reveal any significant effect of the hyfB-hyfR mutation on growth or acid production even when combined with the hyc mutation. Thus, no growth or metabolic defect resulting from hyf inactivation could be demonstrated.
DISCUSSION
The studies described here focused on the regulation of hyf expression. Primer extension and lacZ fusion studies indicated a single 54 -dependent promoter for the hyf operon that was located just upstream of hyfA. However, RT-PCR experiments failed to generate a hyfJ-hyfR product, suggesting that hyfRfocB possesses an independent promoter and that the hyfA promoter may specify a hyfA-hyfJ transcript. The transcriptional regulation of the hyf (hyfA-hyfJ) operon appears similar to that exhibited by the closely related hyc operon in that both are induced by FhlA under fermentative conditions in response to formate and low pH. Likewise, the FhlA-dependent activation of hyf expression resembles that of hyc in being inhibited by the antiactivator HycA. Thus, the hyf operon clearly belongs to the formate/FhlA regulon of E. coli, and this would be consistent with the Hyf complex having a role similar to that of the Hyc complex in fermentative formate metabolism (Fig. 8) . However, the similarities between the hyf and hyc regulation do not extend to their response to HyfR. The work reported here strongly suggests that HyfR acts as a 54 -dependent transcriptional activator of hyf but not of hyc. Thus, the transcriptional control exerted by HyfR represents a major difference between the hyf and hyc operons.
Overproduction of HyfR increased hyf expression by up to 1,000-fold. This induction was highly dependent upon the growth conditions and appears to involve direct interaction of HyfR with the hyf operator/promoter region. Induction by HyfR required anaerobiosis, low pH (Ͻ6.0), and entry into the postexponential phase of growth. Interestingly, inclusion of formate in the growth medium had only a weak (ϳ2-fold) effect on HyfR-dependent hyf activation. It is not clear whether this weak formate effect is significant or whether, like FhlA, HyfR responds to intracellular formate concentrations. The induction of hyf by HyfR was only observed when hyfR was placed under the control of the inducible P lac promoter. No HyfR-dependent induction of hyf was seen when HyfR production relied upon expression from the hyfR gene located within the single-or multicopy hyf operon. This suggests that the expression of hyfR from the hyf operon is extremely weak under the conditions employed in this study.
FhlA is reported to utilize Mo (apparently associated with MoeA [43] ) and formate as coeffectors during fermentative VOL. 184, 2002 REGULATION OF hyf EXPRESSION 6651 growth at a low external pH. Low external pH is not thought to be directly sensed by FhlA; instead, formate uptake is believed to be activated by low pH, resulting in higher intracellular formate levels at a low external pH (37) . A similar mechanism may explain the pH and weak formate dependence of HyfR. HyfR is closely similar to FhlA at the primary-structure level (46% identity [1] ) and might therefore be expected to possess similar sensory properties. Alignment of the FhlA and HyfR amino acid sequences showed that, although the N-terminal signal-sensing A domains of the two proteins are similar, the HyfR protein possesses an amino acid motif absent in FhlA (1). This motif, -C-X 6 -H-C-X-C-P-X-C-X-P-, is predicted to serve as a binding site for an iron-sulfur cluster or a metal cofactor, which could be involved in sensing redox or other signals (1) . Identifying the precise environmental and/or metabolic factors recognized by HyfR could provide important clues concerning the physiological purpose of the Hyf system. Although transcriptional activity was clearly demonstrated for the hyfA-lacZ fusion, and RT primer extension and RT-PCR products were identified for the hyf transcript, no Hyfprotein products were detected either immunologically or by 63 Ni labeling, even when optimal hyf expression conditions and pGS1087 (P lac -hyfR) or pGS1020 (hyfA-hyfR-focB) transformants were used. In addition, no Hyf-dependent formate dehydrogenase or hydrogenase activity was observed and no growth defects or differences in fermentation product generation were seen for hyf mutants. This inability to reveal any Hyf translation product, Hyf-related biochemical activity, or hyfassociated phenotype is consistent with extremely weak expression of the components of the hyf operon in MC4100, which is in turn supported by the weak codon usage of the hyf structural genes. It is possible that good expression of the hyf operon requires prolonged postexponential-phase growth at low redox potential and low pH. Clearly, the required conditions were not achieved in the batch cultures of the E. coli strains used here.
